The objective of this study is to calculate the tibiofemoral and patellofemoral forces at deep squatting and kneeling including seiza, which is the Japanese sedentary sitting. These postures are usually seen in daily life, especially in Japan or some regions in Asia or Arab. Thus it is expected to develop the artificial knee joint which is capable of making the posture, because the conventional prostheses cannot ensure deep knee flexion. We measured the joint angles of a lower limb and thigh-calf contact force at four postures. Then the tibiofemoral and patellofemoral joint forces were calculated, by using the force and moment equilibrium conditions on the muscloskeltal model at saggital plane. As a result, the thigh-calf contact force was the smallest at heel-contact squatting (0.60BW) and was the largest at heel-rise squatting (1.16BW). The knee flexion angle at these postures were almost the same, therefore the force might be effected the angles of hip and ankle joint. The tibiofemoral force was the smallest at seiza (0.64BW) and was the largest at heel-rise squatting (1.87BW). The patellofemoral force was also the smallest at seiza (0.74BW) and was the largest at heel-rise squatting (1.72BW). Neglecting the thigh-calf contact force, the joint forces were 3.8 times larger on average. Considering the thigh-calf contact force, which might be affected by not only knee joint angle but also hip and ankle joint angle, the knee joint force decreased extremely and the comparison between the postures underwent significant change.
Introduction
In some regions in Asia or Arab, there are lifestyles without chair or bed. People in such regions usually sit on a floor directly with flexion their knees deeply. Moreover, deep knee flexion can be seen in all over the world, not only in the regions, for example, during taking a bath, putting socks on and off, gardening, using a short height shelf, and so on.
On the other hand, conventional artificial knee joint cannot flex deeply. The ROM (range of motion) of the artificial knee joint has been broaden by the improvement of their geometrical design, however, the change of design have been just a minor change and could not broaden their ROM drastically (Klein, et al., 2006 , Kurita, et al., 2012 . One of the reason is that the data of deep knee flexion which are necessary for the evaluation of the new design.
For designing a new artificial knee joint, it is necessary to prove its safety and functionality before applying it to the patients. The methods for the evaluation are, for example, mathematical model analysis, FEM analysis and simulator experiments. For such analyses, the muscle forces of a lower limb or the knee joint force are necessary as input data.
Such data of the muscle forces or knee joint force are abound during level walking, step or slope climbing or sitting on a chair, however, there are extremely less data during deep knee flexion. The paper of Dalkvist, et al. (1984) might be the first data, and reported the knee joint force during rising from squatting posture calculated by a 2D muscle-skeltal model. Nagura, et al. (2002) reported the tibiofemoral force during descending to and ascending from the kneeling and squatting postures. Smith, et al. (2008) reported thetibiofemoral force during the two ways of squatting and standing up from the postures, by 3D motion measurement and the force equilibrium conditions around a knee at sagittal and frontal plane.
By association, the contact force of thigh and calf is the important for estimating the knee joint force in deep flexion. The measurement data are reported by Zelle, et al. (2007) . They measured the thigh-calf contact force and calculated the knee joint force during rising from squatting posture, and then calculated the tibiofemoral joint force by free body diagram and FEM (Zelle, et al., 2008) . Pollard, et al. (2011) reported the thigh-calf contact force at kneeling and squatting postures, and calculated the tibiofemoral joint force at these postures. In our previous study , we also measured the thigh-calf contact force and aligned them as to reduce the variation among the test subjects, and calculated the tibiofemoral joint force during standing up from heel-rise squatting posture.
The data about patellofemoral force during deep knee flexion were less than that of tibiofemoral. The study about the patellofemoral kinetics were performed by measureing (Kellis, et al., 1999) and analysis (Van Eijden, et al., 1986) , however, most of the studies did not target deep knee flexion. As an exception, Sharma, et al. (2008) reported the patellofemoral force, quadriceps force and the tensile force of a patella tendon using in-vivo data of the position/orientation of a patella, including some case of deep knee flexion. Their results were in good agreement with our previous study (Fukunaga, et al., 2009) .
As described, there are little data of the knee joint force during deep knee flexion, and most of the data targeted squatting posture. Obviously the motions with deep knee flexion are not only such motions. For example, "seiza" is the typical way of sitting on a floor directly in Japan, which is the sitting with the front of lower limb contacting a floor and flexing the knee maximum. The capability of deep kneeling is the important problem for Japanese QOL(quality of life), however, there are no reports to estimate the knee joint force during such seiza sitting.
Therefore, we calculated the knee joint force at seiza posture. And we also calculated at heel-contact squatting, heel-rise squatting and deep kneeling postures as for comparison.
Model of a lower limb for calculating the knee joint force

Outline of the model
Our model was developed referring the model of Dalkvist, et al. (1986) , and refined as to be suitable for targeting the deep knee flexion. The basic concept was as same as the model for level walking.
The model was composed of the open linkage of foot, tibia, femur and upper body. As shown in Fig.1 , it included five muscles and one ligament: gluteus maximus, rectus femoris, vastus femoris, gastrocnemius, soleus, and patella tendon. The forces of the muscles were stood for GM, R, V, GAS, S and Q' respectively. Rectus, vastus and patella tendon were connected by patella which was contacting femur. Other soft tissues were not included in the model, and the calculated forces would include the articular contact force and the tensile forces of the soft tissues as cruciate ligaments or collateral ligaments. The external forces, floor reacting force, gravity force and thigh-calf contact force were included. In Fig.1 , the characters W 1 , W 2 , W 3 are the gravity force of femur, tibia and foot respectively. Z is the floor reacting force, P is the thigh-calf contact force and N is the floor reacting force on a shank at kneeling posture. Inertia force was not included because the objective was posture, not motion. At seiza posture, foot and tibia segments were modeled as a single segment because the ankle joint do not work at the posture. In addition, gastrocnemius and soleus were neglected because they were the muscles around ankle joint, because the tensile force might not work in deep kneeling posture with maximum planterflexed ankle.
The conditions of our model were moment equilibrium around the joints, obtained by a method of free body diagram. Equations (1), (2) and (3) show the conditions around ankle, knee and hip joints respectively. The characters a, b and c stand for the moment arm length of the force around hip, knee and ankle joints. For example, a GM is a moment arm length of the force of gluteus maximus around a hip joint. Floor reacting forces were assumed to be vertical to the ground, and thigh-calf contact force was to be vertical to the tibia. They were assumed to act at their center of pressure.
In addition, the condition about quadriceps and patella tendon force was settled. The ratio between quadriceps force, which is the net force of rectus and vastus femoris, and the tensile force of patella tendon was calculated as the function of knee flexion angle by using a force equilibrium condition at patella referring literature (Fukunaga, et al., 2009) , shown in Fig.2 . Moreover, the ratio of rectus and vastus forces was assumed to be proportional to their physiological cross sectional area. And the ratio of gastrocnemius and soleus was as the same. This assumption was necessary to avoid a muscle redundancy problem (Fukunaga and Hirokawa, 2012) . The cross sectional areas were settled referring literature (Ward, et al., 2008 ). These assumptions were described as Eq. (4), (5) and (6). In Eq.(4). Q stands for a quadriceps force, which is the total force of rectus and vastus femoris. Character β stands for a knee flexion angle, and k 1 (β) for a function of a knee flexion angle. Then, the patellofemoral joint force was calculated by Eq. (7) according to the ratio between quadriceps and patellofemoral force, k 2 (β).
Fig.2
Forces around patella; ratios k 1 =Q'/Q and k 2 =Fp/Q was calculated by the force equilibrium condition.
Input data were the joint angles, floor reacting force and thigh-calf contact force at the objective posture. The gravity forces and the center of gravity of each segment were determined by referring literature (Clauser, et al., 1969) . The moment arm length of the gravity forces were calculated from the joint angles. The moment arm lengths of the muscles and ligaments around hip and ankle joints were determined as the function of the joint angles, which were calculated schematically . The length around a knee joint was determined by referring literature (Fukunaga, et al., 2009) , because the knee joint motion was multi-degree of freedom and it was difficult to calculate by the same way with hip and ankle joint. Using the conditions and assumptions, muscle forces were calculated.
Knee joint force was calculated subsequently by the force equilibrium condition on tibia and foot. The forces are shown in Fig.3 . The tibial axial component of the knee joint force is Fn, and the tibial anterior-posterior component Ft. Angles γ and γ' are, as shown in Fig.3 , angle between horizontal line and foot and between foot and tibia respectively. Angle between patella tendon and tibial axis, β', was determined by referring literature (Sharma et al, 2008) . Then, knee joint forces might be as shown in Eq. (7) and (8) at the postures expect seiza, and (9) and (10) at seiza. And the patellofemoral contact force was calculated by using the ratio between the patellofemoral force and the quadriceps force, shown in Fig.3 . Fig.3 The forces acting on tibia and foot: These forces might be equilibrium.
Experimental method
For measuring the acting point of the floor reacting force, thigh-calf contact force and joint angles during the objective posture, we performed the experiments. The postures to be subjected were seiza, kneeling, heel-rise squatting (HRS) and heel-contact squatting (HCS), as shown in Fig.4 . The test subjects were ten healthy male. The markers were affixed at the skin near the ankle, knee, hip and lumber. The test subjects were asked to sit on a floor naturally at heel contact squatting and seiza, and to sit as to let the upper body vertical as possible at heel rise squatting and kneeling. This indication was given as to suppress the variation in the same posture. The postures were photographed from sagittal plane, and the joint angles were measured using the markers on the photograph. The acting point of the floor reacting force was measured by settling the pressure distribution sheet between a floor and test subjects. Except the kneeling posture, the magnitude of the force was not measured, because it could be estimated to be as same as the body weight. At kneeling posture, the floor reacting force on a knee was measured by the sensor sheet, and it was assumed that the total floor reaction force was as same as the body weight. The thigh-calf contact force and its acting point were measured by settling the pressure distribution sensor sheet between thigh and calf for double leg. The experiments were performed as shown in Fig.5 . The pressure sensor sheet to be used was Conformat, Nitta Co., Japan. The size of the sensor sheet was 471.4mm square by 1.78mm thick, and the single sensor was 14.7mm square. The thigh-calf contact force could be calculated as the summation of the loads on each sensor. The acting point was defined as the center of pressure, and calculated by integrating pressures. The experiments were performed three times for one subject. 
Results
The measured flexion angles of hip and knee joint at each posture were shown in Fig.6 . Hip flexion angle is based on the angle between upper body and thigh, as shown in Fig.5 . The knee flexion angles at each posture were about 140° at heel-contact squatting posture, and were about 150° at the other three postures. Hip flexion angles might be the characterizing parameter for each posture, as there were significant differences at the 1% level among the postures. The typical examples of the pressure distribution were shown in Fig.7 . The single square stood for the single sensor, and the size was 14.7mm square. They indicated that gluteus and heels contacted with strong pressure at seiza posture, thus the pressure center of the thigh-calf contact force came posterior.
The measured values about external forces were shown in Fig.8 . Thigh-calf contact force, P was normalized by the body weight (BW) of each test subject, and they were shown as the total force on both legs. The acting point of the floor reacting force, b Z was shown as the horizontal distance from the knee joint; this distance is the moment arm length of the floor reacting force around the knee joint, and was normalized by the length of tibia (LoT) of each subject. The acting point of the thigh-calf contact force, b P was shown as the distance from the knee joint, which is the moment arm length around the knee joint (Fig.8) . The floor reacting force on shanks at kneeling posture was 0.33±0.8BW, thus the floor reacting force on the feet was just 0.67BW. The product of P and b P showed the knee extensional moment by the thigh-calf contact force, and the large moment might counterbalance the flexional moment by the floor reacting force.
Then the calculated tibiofemoral and patellofemoral joint forces were shown in Fig.9 . The knee joint forces were the least at seiza, and the largest at heel rise squatting. There were significantly different between the postures by 1% level, which would indicate that the variabilities were caused by the individual difference among the test subjects. 
Discussions
Our measured thigh-calf contact forces were compared with the past reported values on Table. 1. The values were converted as to show the forces acting on both legs, and to show the acting point normalized by the length of tibia, assuming the tibia was 0.226 times as long as the body height (Clauser, et al., 1969) . Since the data of Pollard, et al. (2011) at kneeling was divided to thigh-calf contact and gluteus-heel contact at kneeling, these data were combined. There were no comparable data about heel-contact squatting and seiza. Our measured forces were larger than the past reported data, including our past reported data. This mismatch might be caused by multiple reasons, and we consider the dominant cause was the difference of the posture. The knee flexion angles of each study were nearly equal, however, the hip flexion angles were not mentioned. We had reported that the thigh-calf contact force was affected by not only knee flexion angle, but also hip flexion angle. The heel-rise squatting could not assign the hip joint angle, because the squatting posture with lifting the heels a little from the heel-contact posture might be categorized in heel rise squatting. Actually the past data at heel-rise squatting were between the heel-contact squatting and heel-rise squatting of this study. It might be considered that the thigh-calf contact force was larger in this study because we asked the test subjects to let the upper body vertical as possible. Figure 10 shows the relation between the thigh-calf contact force and hip flexion angle at heel-rise squatting, and the week correlation was seen. Considering other joint angles or parameters about the test subjects, the correlation might be strong and it might be possible to estimate the thigh-calf contact force by using the joint angles. Comparing the results of seiza and heel-rise squatting, it also indicated the effect of the angle of an ankle joint. These postures were very similar at upper from a shank, and the main difference might be the ankle joint. The ankle joint was dorsiflexed maximally at the heel-rise squatting posture, and was planterflexed maximally at seiza posture. When the ankle joint was dorsiflexed, the muscles at posterior shank, gastrocnemius and soleus, was extended and become tight. Then the acting point of the thigh-calf contact force moved forward. The correlation between the ankle angle and thigh-calf contact force was not apparent for our results, and it might be hidden by the other parameters as the other joint angles or individual differences. Summarizing above, when the hip joint flexed, the magnitude of the thigh-calf contact force might be smaller and the acting point might move anterior. And when the ankle joint dorsiflexed, the force might be larger and the acting point might move anterior. It is the future subject to confirm the assumption by measuring the thigh-calf contact force during the designed motion.
The comparison of the tibiofemoral forces with the past reported data is shown in Table. 2. The data of Zelle, et al. (2008) was calculated by two ways, free body diagram (FBD) and finite element method (FEM). Smith, et al. (2008) did not use the thigh-calf contact force in the calculations. Pollard, et al. (2011) used the skeletal model without muscles and the joint forces were smaller than the other. Without the thigh-calf contact force, our calculated data were in good agreement with the past reported data. Considering the thigh-calf contact force, our data at heel-rise squatting were smaller than the past reported data, and the reason might be the magnitude of the thigh-calf contact force, as mentioned before.
Table.2 Comparison of the tibiofemoral joint forces
And we compared the calculated patellofemoral joint force with the data calculated by Sharma, et al. (2008) . They reported that the patellofemoral joint force was 1.9BW for normal knee and 2.7BW for artificial knee joint. Our result was 1.7BW, and was 3.0BW without considering the thigh-calf contact force. Our result of patellofemoral joint might be relying on the force equilibrium condition on patella, and we used the data of artificial knee joint. And Sharma et al did not consider the thigh-calf contact force. On this condition, condition of artificial knee joint without thigh-calf contact, the both results were in good agreement.
As a limitation of this study, we should mention about the effect of the neglected soft tissues in the model. It was explained that the ligaments except patella tendon and posterior cruciate ligament around a knee had little tensile forces at deep knee flexion, however, the effect of the fat or flesh might not be rather negligible. It could be considerable that the compressive internal force of the soft tissues behind a knee joint substance the tibiofemoral force, and then the real tibiofemoral force might be smaller than the calculated values in this study. It is the future subjects to measure or estimate the internal force and model it mathematically, for example, model as a part of thigh-calf contact force or tibiofemoral joint force. Then, the tensile force of quadriceps also might be smaller, and then the patellofemoral joint force is also small. The method how to model the soft tissues except ligaments is the future issue.
Conclusion
We calculated the tibiofemoral and patellofemoral forces at deep knee flexion including seiza, kneeling and squatting. As a result, the tibiofemoral force was the smallest at seiza (0.64BW) and was the largest at heel-rise squatting (1.87BW), and the patellofemoral force was also the smallest at seiza (0.74BW) and was the largest at heel-rise squatting (1.72BW). Comparing the results to the previous reported data, our results were larger at heel-rise squatting, though the calculated data without thigh-calf contact force were in good agreement. And the thigh-calf contact force might be affected by the hip and other joint angles. Our future plan is to examine the relation between the thigh-calf contact force and the joint angles.
